As described in prior publications, we use an AFM on top of an inverted epifluorescence light microscope to manipulate individual fibrin fibers (4, 6). Fibrin fibers were polymerized on micron sized optically transparent, patterned, ridges made by microcontact printing UV curable optical adhesive (Norland Optical 81). We manipulated fibers that were suspended across channels and adhered at each end to the ridge tops (see Fig. 1 ). We used nanoManipulator (3rdTech, Inc. Durham, NC) software to collect data and control the AFM tip which was carefully positioned next to a suspended fiber (several microns above the channel floor) and moved at a constant height in a trajectory perpendicular to the fiber axis.
Detailed Methods
As described in prior publications, we use an AFM on top of an inverted epifluorescence light microscope to manipulate individual fibrin fibers (4, 6) . Fibrin fibers were polymerized on micron sized optically transparent, patterned, ridges made by microcontact printing UV curable optical adhesive (Norland Optical 81). We manipulated fibers that were suspended across channels and adhered at each end to the ridge tops (see Fig. 1 ). We used nanoManipulator (3rdTech, Inc. Durham, NC) software to collect data and control the AFM tip which was carefully positioned next to a suspended fiber (several microns above the channel floor) and moved at a constant height in a trajectory perpendicular to the fiber axis.
Structured Surface Preparation: Using PDMS (Sylgard 184; Dow Corning Co. Midland, MI) poured over an SU-8 master we created a stamp for the structured surfaces (SS). We then used the stamp to make channels on 24 x 50 mm 1.5 cover-glass (Corning) in Norland Optical #81 which we cured under UV light for 70 seconds. Channels were either 10 or 20 microns wide and ~10 microns deep.
Fibrinogen: In all experiments we used recombinant human fibrinogen produced in Chinese Hamster Ovary (CHO) cells (33, 34). Recombinant human fibrinogen was grown in Chinese Hamster Ovary (CHO) cells without other blood coagulation factors and has been shown to be identical to plasma fibrinogen in nearly all aspects. We assessed purity and homogeneity of this material through polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses. Fibrinogen function was assessed through thrombin-catalyzed fibrinopeptide release monitored by HPLC, polymerization monitored by turbidity, and FXIII-catalyzed ligation monitored by SDS-PAGE, and blot analysis as described previously.
To form unligated fibrin fibers, fibrinogen was diluted in HBS (20 mM HEPES, 150 mM NaCl, pH 7.4) to 0.04 mg/ml and deposited onto the SS. Human thrombin (Enzyme Research Laboratories; final concentration 1 NIH U/ml in HBS with 10 mM CaCl 2 ) was added to the surface at the same volume as the fibrinogen (usually 8-10μL) and pipetted up and down to mix. The sample was incubated at 37 o C for two hours in a water-saturated atmosphere, rinsed and stored in HBS. Fibers were fluorescently labeled by adding a 1/10,000 suspension of 24 nm volume-labeled red fluorescent carboxyl-coated microspheres (Invitrogen-Molecular Probes) in Ca-free HBS to the SS, incubated 5minutes and washed with buffer. To form fibers that were ligated during polymerization, we mixed FXIII (Enzyme Research Laboratories; final concentration: 0.5 mg/ml) with thrombin at 1 NIH U/mL in HBS with 10mM CaCl 2 to activate it into its active FXIIIa form and immediately added it to the SS containing 0.04 mg/mL fibrinogen. The samples were incubated for two hours at 37 o C and then gently rinsed via buffer substitution.
Optical Microscopy: For observation and manipulation of fibers, the coverslips were placed face up on an inverted Nikon Diophot microscope with epifluorescence illumination (Nikon Diaphot 200, Southern Micro Instruments, Atlanta, GA), and imaged using a rhodamine HQ filter set (Chroma Technology, Rockingham, VT) and a 1.3 or 1.4 na 100X oil objective. Images were recorded using a high speed Cooke PCO 1600 camera with C-link and recorded with CamWare (Cooke Corp., Romulus, MI). All single fiber data were acquired as described previously (5, 6) .
AFM: The atomic force microscope (Explorer, Veeco Instruments, Woodbury, NY) rests on the manipulation stage of the optical epifluorescence microscope enabling simultaneous AFM manipulation and optical data acquisition. Both OMCL-AC240TS-W2 (Olympus, Micro Cantilever) and RC150VB Biolever (Olympus, Asylum Research) AFM cantilevers (SiN) were used for manipulation. Force data was determined through calibration of the lateral deflection signal. The angular optical sensitivity of the twisting mode is the same as for the bending mode given we have a geometrically symmetric quadrant photodiode and similar gain settings for each quadrant. The twisting mode optical sensitivity in deflection units is then determined using the specific geometry (length, tip length) of the cantilever. The lateral cantilever spring constant was calculated from cantilever/geometry and SiN materials constants. The AFM tip was controlled using the Nanomanipulater software (3rdTech, Inc. Durham, NC). The tip was positioned within the channel next to a fiber and moved in one direction at 1µm/sec to stretch the fiber. We note that this corresponds to a strain rate of roughly 0.1 s -1 (ε max /∆t ~ (20µm/10µm)/30s ~2.0/30s ~ 0.1 s -1 ), which is comparable to single molecule force spectroscopy studies including those on myosin coiled coils (35). Care was taken to insure the fiber was contacted at the very end of the AFM tip (< 1 micron from end). For the stress vs. strain data depicted in Figs. 2 and 4, force data was converted to stress by taking the calibrated force data and dividing by cross sectional area of the fibrin fiber as determined by AFM imaging (AFM measured fiber diameter was converted to area assuming circular cross section). This was accomplished by imaging the fibrin fiber on the ridge immediately adjacent to the portion of the fiber suspended over the channel. Strain was determined by taking the extension (change in length, ∆L) of the fiber segments and dividing by the original length, L 0 (Strain : ε= ∆L/ L 0 ).
In-situ measurement of fiber Stiffening: To measure the change in stiffness due to ligation, of an individual fibrin fiber (In-situ), we prepared the fibrin on the SS without FXIII, and pulled the fiber to strains of up to 1.0 strain. Human fibrin fibers have been shown to be capable of strains up to 180% before sustaining plastic damage (6) . To ligate the fibers we lifted the AFM from the sample, removed the buffer, and added HBS with Ca + (10 mM HEPES, 150 mM NaCl, 5mM CaCl 2 , pH 7.4) with 5 mg/mL FXIII (which is activated to FXIIIa by thrombin) and 1 U/mL thrombin, and incubated for an hour at 37 o C and then gently rinsed via buffer substitution. After this, we replaced the AFM and pulled on the same fiber as we pulled on before ligation. As a control, we ran the whole experiment described above except doing a buffer transfer without adding FXIII and thrombin. All such controls showed no change in stiffness of the fibers. To confirm that ligation took place when we added FXIIIa to fibrin already deposited on the structured surfaces, we prepared additional fibrin samples on the structured surfaces without FXIIIa. We added FXIII and thrombin at 5mg/ML and 1 NIH U/mL respectively, incubated at 37 o C for an hour, and then prepared the samples for Western blot analysis by replacing the fibrin buffer with 6X SDS, scraping the fibrin off the structured surfaces using a pipette tip (this was repeated three times) and combining all the samples in one tube, boiling the samples for 5 min, and then freezing them. A polyclonal antibody to fibrinogen (DAKO, Carpinteria, CA) was used for western blot analysis. Fig, 4 shows that ligation of fibrin can be achieved after polymerization on the structured surface.
Enthalpic backbone stiffness of the fibrin fiber
The WLC model fitting to the force extension data in the main text (Eqn. (4) and Fig. 7 ) takes into account entropic elasticity only, ignoring the effects arising from enthalpic effects (stretching of chemical or physical bonds). Following Wang et. al. (1) we can add enthalpic contributions to the extension of a WLC, which in the case of fibrin could result from stretching of the coiled coil or other structured regions. We modify the WLC by making the following substitution for Eqn (1) in the main text:
This substitution adds the contribution of the backbone strain to the overall extension; F/K 0 is equal to the strain under force F due to stretching of a Hookean spring element. The spring stiffness is represented by K 0 which has units of force per unit strain. Alternately, we can express the stiffness in terms of a Young's modulus E=A*K 0 where A is the cross sectional area of the spring element(s). Substituting Eqn. (S1) into Eqn. (1) yields
The enthalpic correction, F/K 0 , is non-negligible in the case of relatively weak backbone stiffness or relatively large forces, i.e. F << K 0 . For typical values for the radius of a fibrin fiber (50-100nm,) and we assume the differential modulus of the coiled coil is 1GPa -the same order of magnitude as other proteins consisting of coiled coils, such as alpha keratin -we get K 0 ~7500 -30,000 nN. As the maximum force measured, before breaking, for fibrin fibers is in the 10's of nN range, it is clear that the condition F << K 0 is met. If the stiffness of the enthalpic components is ~10MPa then K 0 ~75 -300 nN and we would expect a noticeable change to the force extension curve. For extensions near and beyond the contour length the force curve will become linear, although, fibrin fibers are libel to break before reaching these extensions, even if K 0 is sufficiently small. The fact that the un-modified WLC model fits our data so closely seems to indicate that we are in the F << K 0 limit and the backbone stiffness can be ignored. Figure S1 shows several additional experimentally obtained force curves, fit using the WLC, entropic forces only, model. 
Analysis of the Coiled-Coil Hypothesis
The two -state model recently proposed by Brown et al. provides a mechanism for fiber stretching without requiring a natively unstructured domain of the protein to mediate the extensibility. (2) In this model the authors propose that fibrin elasticity (at least up to 100% strain) comes from stretching the triple alpha-helix coiled-coil connecting the fibrin monomer end (D) domains to the central (E) domain. In the model, the coiled-coils can be in two states: (a) the folded state where their stress-strain behavior is linear, and (b) the unfolded state where the coil is unfolded and behaves like a worm-like chain at high extensions (The Marko-Siggia worm-like chain also includes a linear region at low extensions which is not part of this two state model). (3) This model for individual fiber elasticity was then used in the 8-chain polymer physics model to represent the behavior of a fibrin network under tensile deformation. (4) The 8-chain model was fit to the network data using thermodynamic properties (the alpha-helix unfolding energy barrier and the alpha-helix unfolded extension length) as fitting parameters. While the authors were able to use the coiled-coil single fiber model to fit their network data, the single fiber force extension model embedded within the network model was not compared to single fiber force extension data. Here we present an analysis of the coiled-coil force-extension model applied to our individual fiber data.
The force curve given in the Brown paper is defined as the following (2):
Where
and x is the fiber extension, F is the Force exerted on the fiber, N is the number of monomers/fiber cross-section, L u is the unfolded coil contour length, L f is the folded coil length, Δπ is the unfolding energy barrier, Δz is the distance between the folded and unfolded lengths and ξ p is the WLC persistence length. For the 8-chain model fit in the paper, L u /L f was assumed to be 2.1 based on the length of the unfolded coiled-coil, N was 1200, EA=387.5nN, ξ p =0.8nm, and Δπ and Δz were kept as the fitting parameters. The fit yielded parameters of Δπ = 16.5kT and Δz=19.2nm. Equation (S3) is plotted with these parameters in Figure S2 . Our physical interpretation of this plot is that as the fiber is stretched, it will actually shrink from its folded length before beginning to stretch. Due to the large values for Δπ and Δz, this shrinking is likely due to the many coiled-coils unfolding within a relatively narrow force range, leaving the WLC's to entropically shrink before being stretched back out. This behavior is inconsistent with our force extension data which shows smooth, linear, low stiffness behavior up to strains of 100% or more. The plot is also hard to reconcile with single molecule force extension data for coiled-coils (5-8).
In the model for single fiber elasticity presented in the Brown et al. study, a value of 14 MPa is used as the elastic modulus of the coiled-coil. This assumption is based on a previous experimental results indicating a 14.5 MPa elastic modulus for a fibrin fiber (9) . However, the assumption that the elastic modulus of the fiber is similar to the modulus of the in-tact (unfolded) coiled-coil region is questionable given the known stiffness of coiled-coil structures. Alpha keratin, whose stiffness is well known to be mediated by the coiled-coils of alpha helices, has a Young's modulus of 2-4 GPa (5). Gigapascal scale stiffness is also consistent with numerous theoretical treatments of the alpha helix stiffness (10-12). Thus, experimental and theoretical studies yield elastic modulus values for coiled-coil that are 3-4 orders of magnitude higher than that for the overall fiber measured in this study and others. The volume fraction of protein material within the fiber is one possible explanation for the discrepancy. However, estimates put the water fraction within the fiber at 70% which would provide a factor of 3 or 4 to work with, well short of the factor of 1000 to 10,000 needed to reconcile fibrin fiber stiffness and expected coil-coil stiffness.
We evaluated our single fiber force vs. extension data using the two state model assuming three values of stiffness for the coiled-coil structure: 2 MPa, the measured modulus of the fiber measured using the AFM, 100 MPa (The low-end value for a material with stiffness known to be mediated by coiled-coil unfolding)(6), and 800 MPa, (The modulus of a 2 GPa stiff coiled coil structure surrounded by 80% water). While the fits using the low elastic modulus (2MPa) for the coils do match the data, they produce fitting parameters that are non-physical (e.g. picometer range persistence length). On the other hand, using a stiff spring model for the coiled coils requires an anomalously low unfolding energy barrier at low strain and the fit fails significantly at high strain. Three fits to one fiber force vs. extension curve are shown in Figure S3 . The fiber had a radius of 45nm. The fits were performed using 4 fitting parameters, Δ π, Δz, ξ p, and L u /L f . using Origin Pro (OriginLab Corp. Northampton, MA). The fits were dependent on the initial starting parameters, and most starting parameters did not lead to a convergent answer. In particular, fits attempted using a starting value of Δπ > 5kT did not converge. Plots A and B in figure S3 were performed using the starting parameters Δπ= 5kT; Δz=3nm; L c /L o =2.5; L p = 0.8nm, while Plot C was formed using : Δπ = 0.3kT; Δz =0.3nm; L c /L o =2.5; L p = 0.2nm.
Plot A in figure S3 fits the data fairly well (R2=0.99), but it assumes a coil-coiled modulus of 2 MPa, much lower than the measured modulus of a coiled coil. In addition, some of the fitting parameters do not make physical sense: Δπ = 4.1kT; Δz =0.08nm; L c /L o =3.66; L p = 0.008nm. While the Δπ value can be reconciled with theoretical coiled-coil unfolding barriers, Δz =0.08nm and L p = 0.008nm do not make sense physically. (13) The known L p for unraveled or natively unstructured proteins is 0.2-0.9nm, (14-16) two orders of magnitude higher than the fits to our model, while the same experiments and molecular dynamics simulations show that coils unfold at 3-15% strain, (5-8) the fitting parameter Δz =0.08 corresponds to 0.1% strain, much lower than the known values.
On the other hand, plots B and C use a coiled-coil modulus of 0.8GPa, similar to the known values of the coiled-coil modulus. Plot B clearly does not fit the data at all, but does resemble other coiled-coil unfolding plots which have a very sharp peak in force before coil-unraveling Figure S2 : Single fiber force strain plot for coiled-coil model. The plot represents the extension-force curve arising from the assumptions and fitting parameters (Δπ = 16.5kT and Δz=19.2nm) from the coil-coil network fit.
begins to occur (5) (6) (7) (8) . Plot C does fit the data at low extension before diverging in the strain stiffening regime, however once again some of the fitting parameters yielded do not make physical sense: Δπ = 1.99kT; Δz =0.02nm; L c /L o =2.827; L p = 0.2nm. These fitting parameters indicate that the coils would have to unfold at relatively low unfolding energies and at Δz values corresponding to 0.04% strain. In addition to the fits shown, other fits were done with a coil modulus of 100Mpa, yielding similar results to those done with the 0.8Gpa modulus.
The SAXS data presented in the Brown et al. study are compelling, and do suggest coiledcoil unfolding may be occurring, however the data may also be explained by protofibril sliding within the fiber, causing the protofibrils to lose registry and thereby widen the 23nm signal. It is not obvious how FXIII ligation would affect this signal. There are known ligation sites both in the αC domains and γ-domains of the fibrin monomer. (17, 18) γ-γ ligation has been shown longitudinally within protofibrils, but to our knowledge, not laterally between protofibrils. αC-αC and αC-γ interactions could be within protofibrils or between adjacent protofibrils, but it is not obvious that ligating these interactions would prevent protofibril shearing. Thus, with the known ligation sites within the fibrin fiber, it does not seem that FXIIIa crosslinking would necessarily prevent protofibrils from sliding and accounting for the decrease in the 23nm signal in the SAXS data.
Force per monomer (FPM) calculations:
For our stress vs. strain curves, both the force vs. extension as well as the fiber diameter data were collected. With this information we made estimates of the average force per monomer (FPM) during the stretching process and compared to known protein unfolding forces determined in AFM force spectroscopy experiments. This estimate is subject to an assumption of the packing density of the monomers within the fiber. We calculated the FPM for three packing densities corresponding to a high "close packing", a low "loose packing", and an intermediate "intermediate packing" packing density. FPM calculations were made by assuming that the fibrin fiber consists of fibrin molecules acting mechanically as springs in series down the length of the fiber and in parallel across the cross-section of the fiber. FPM is then equal to total force on the fiber divided by N mon , the number of monomers in parallel. For the first model, we assumed that fibrin monomers are close packed within the fibrin fiber, thus the number of monomers in parallel can be calculated by N mon =(D fib /D mon ) 2 , where D fib is the diameter of the fiber and D mon is the diameter of the monomer from x-ray crystallography , D mon = 4.5 nm. It is widely assumed that fibrin fibers contain mostly water (70-80%), so close packing is likely not accurate for a full fiber (19, 20) . The second "loose-packed model" followed that of Brown et. al (2) , which assumed fibrin fibers contain 80% water, so the number of monomers in parallel were calculated as N mon =0.2*(D fib /D mon ) 2 (This makes the effective diameter per monomer, D mon eff =10nm). This second model assumes that the entire monomer as a space filling cylinder into which no water can penetrate. In actuality, the fibrin molecule is dumbbell shaped with 4.5nm diameter end domains, 2nm diameter coiled-coils, and a 4nm central domain (21) . Based on these dimensions, we estimate that nearly 50% of the volume occupied by a fibrin protofibril consists of water. Thus, although most of the fiber is occupied by water, the majority of this water can fit within close-packed monomers. One can estimate an effective monomer diameter required to account for the other 20-30% of water occupying the fiber structure by assuming the cross-sectional area of a protofibril is roughly an ellipse, and estimating the effective area of the ellipse required to allow for 80% water volume. This ratio of areas can then be converted into an (upper end) effective monomer diameter by assuming that each monomer within the protofibril has the cross-sectional area of a circle. We estimate that an effective fibrin monomer diameter of 6.9 nm will account for the rest of the space needed for water within the fiber. Thus, our third model is an "intermediate packing" model where the number of monomers in parallel is calculated by N mon = (D fib /D mon eff ) 2 , where D mon eff = 6.9 nm. In each model, the force per monomer can then be calculated as F fib /N mon . Figure S4 shows the FPM plots for one fiber, assuming the three different models. The different assumptions about packing lead to significant differences in the scale of the force on each monomer. The very lowest force we would expect a coiled-coil or globular protein domain to unfold would be in the 30-50 pN range (8, 16) . Previous work has shown that the fibrin coiled-coil may unfold at even higher forces around 100pN (2, 22) . Note that even in the loosepacked case, these forces (the lower end of the range) are not reached until the fiber is strained beyond 50%. For the intermediate and close packed models, this threshold is reached at strains of 100% and beyond. For the intermediate packing case, the fiber strain at which the 100pN coiled-coil unfolding threshold is reached is 113±23% for ligated fibers and 108±15% for unligated fibers. While coils have been seen to unfold at forces as low as 50pN, on average it seems that most fibers do not have much coil unfolding until after 100% strain.
Our analysis indicates that though the FPM in our fibrin stretching experiments may reach the thresholds for unfolding the coiled-coil, these forces are not accessed until the fiber is strained beyond 50% for even the most conservative model of fibrin monomer packing (loosepacked). Most likely, this threshold is reached well beyond 50% strain. This suggests the unfolding mechanism is not a significant contributor to extension until very high strains are reached. One counter-argument to this analysis that could be made is for concentrated forces within the fiber. Concentrated forces will make the FPM much higher locally than the average, inducing unfolding and then propagating across the fiber in a zipper like manner. While this may be occurring, there is no known structural data to support this model. We do point out that even if fibrin fiber diameter shrinking is occurring as indicated by other studies(2) , the number of monomers connected in parallel, down the fiber will remain constant and thus FPM=F fib /N mon should remain the same at all points along the fiber.
